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Description 

Field of the Invention 

[0001] The present invention relates to lithium metal 
oxides for use as positive electrode materials for lithium 
and lithium-ion secondary batteries, and to methods of 
making lithium metal oxides. 

Baclcground of the Invention 

[0002] Lithium metal oxides of the fomiula LIMOg, 
wherein M Is a transition metal, are important cathode 
(positive electrode) materials for rechargeable lithium 
and lithium-ion batteries. Examples of LiMOg com- 
pounds include LiCoOg, LiNiOg. and LiMnOg. Presently, 
LiCoOg Is used in most commercial lithium and lithium- 
ion batteries as a cathode material. 
[0003] LIMOg compounds can have different crystal 
structures and phases, even within the same com- 
pound. For example, LiCoOa synthesized at greater 
than 700''C has a hexagonal layered structure analo- 
gous to a-NaFeOg. LiCoOg synthesized at around 
400"C, however, has a cubic spinel-like structure anal- 
ogous to Li2Ti204. Both structures have essentially the 
same FCC (face centered cubic) closed packed ar- 
rangement for oxygen except the layered structure has 
a small distortion in the direction perpendicular to the 
layers. Additionally, the two structures differ in cation ar- 
rangement. 

[0004] It has been determined that the cubic spinel- 
like LiCoOg turns into hexagonal layered LiCoOg when 
heated to temperatures above 700°C. Therefore, phase 
transfomnatlon between the two structures Is possible 
and the layered structure is energetically favored only 
at high temperatures. Layered LiCoOg also has an en- 
ergetically favored tendency of changing into spinel 
LIC02O4 when 50% of the lithium Ions are removed from 
the LiCoOg during electrochemical charging. See A. van 
der Ven et al., Phys, Rev B 58, 2975 (1998); and H. 
Wang et al., J. Electrochem. Soc, 1 46, 473 (1 999). The 
spinel-like LjCo02 and spinel LiCo204 also have essen- 
tially the same atom arrangement except that lithium Is 
at the octahedral 16c site in splnel-IIke LIC0O2 and at 
tetrahedral 8a site in spinel LiCo204. 
[0005] The tendency of the p hase transformation from 
hexagonal layered LiMOg to cubic spinel-like LiMOg is 
not unique to LiCoOg. Layered LIMnOg also tums into 
spinel-like LIMnOg only after a few cycles in an electro- 
chemical cell. Although a cubic spinel-like LINiOg has 
not been experimentally obsen/ed, Li^sNlOg (50% del- 
Ithiated LiNlOg) will indeed tum into LiNi204 spinel. 
[0006] The electrochemical perfomiance of LiM02 
compounds having a cubic spinel-like structure has 
been found to be particularly poor, especially compared 
to layered structures. Moreover, the mere presence of 
the cubic spinel-like structural phase within the layered 
phase or on the surface of the layered phase has also 



been found to be detrimental to battery performance. In 
particular, the presence of cubk: spinel-like phases with- 
in the layered crystal structure impedes the diffusion of 
lithium Ions during the charge and discharge cycles of 

5 the rechargeable lithium or lithium-ion battery. Further- 
more, because the cubic spinel-like phase is energeti- 
cally favored and only kinetic limitations prevent large 
scale phase transformation, the presence of localized 
cubic spinel-like structures can act as a seed for phase 

*o transfomriation to readily occur in the LiM02 compound. 
Therefore, even the minor presence of cubic spinef-like 
phases, even at levels that cannot be detected by bulk 
techniques, such as powder x-ray diffraction (XRD), can 
cause problems in battery cycling. 

IS 

Summary of the Invention 

[0007] The present invention provides lithium metal 
oxides that are substantially single-phase compounds 
having hexagonal layered crystal structures that are 
substantially free of localized cubic spinel-like structural 
phases. Therefore, the lithium metal oxides of the inven- 
tion have more consistent electrochemical perfomiance 
than prior art compounds. In addition, the lithium metal 
oxide compounds of the invention have good structural 
stability and maintain their structure through cycling. 
Therefore, the lithium metal oxides of the invention are 
useful for rechargeable lithium and lithium ion second- 
ary batteries. 

[0008] The lithium metal oxides of the Invention have 
the formula UJ\/{^PlP2, wherein M is one or more tran- 
sition metals, A is one or more dopants having an aver- 
age oxidation state N such that +2.5 ^ N ^ +3.5, 
0.90<a^1 .10 and p + 7= 1 . As measured using powder 
x-ray diffraction, the Li^^MpAyOg compounds according 
to the invention preferably have no diffraction peaks at 
a smaller scattering angle than the diffraction peak cor- 
responding to Miller indices (003). In addition, the ratio 
of the integrated Intensity of the diffraction peak corre- 
sponding to Miller indices (110) to the integrated inten- 
sity of the diffraction peak con-esponding to Miller indi- 
ces (108) using powder x-ray diffraction is preferably 
greater than or equal to 0.7, more preferably greater 
than or equal to 0.8. The ratio of the integrated intensity 
of the diffraction peak corresponding to Miller indices 
(102) to the integrated intensity of the diffraction peak 
corresponding to Miller indices (006) using powder x- 
ray diffraction is preferably greater than or equal to 1 .0, 
more preferably greater than or equal to 1 .2. The aver- 
age oxidation state of the dopants N is preferably about 
+3. 

[0009] In one preferred embodiment of the invention, 
the UJA^AyOz compound is LiCo02. As measured us- 
ing electron paramagnetic resonance, the LiCoOg com- 
pounds of the invention typically have a change In in- 
tensity from the peak at about g = 12 to the valley at 
about g = 3 of greater than 1 standard weak pitch unit, 
and more typically of greater than 2 standard weak pitch 
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units. 

[0010] In addition to the Li^MpAy02 compounds 
above, the present Invention is also directed to the di- 
lithiated forms of these compounds resulting from the 
electrochemical cycling of these compounds. Specifi- 
cally, the present invention includes Li^j.^MpAyOg com- 
pounds wherein 0<x<a that are derived by eiectrochem- 
ically removing x Li per formula unit from a compound 
having the fonnula L\JSA^Ap2, wherein M is one ormore 
transition metals, A is one or more dopants having an 
average oxidation state N such that 4-2.5 < N ^ +3.5, 
0.90<a5l ,1 0 and p + Y = 1 , The l\o,,J^^^02 compounds 
are substantially single-phase lithium metal oxide com- 
pounds having hexagonal layered crystal stmctu res that 
are substantially free of localized cubic spinel-like struc- 
tural phases. 

[0011] The present invention further Includes lithium 
and lithium ion secondary batteries including a positive 
electrode comprising a compound having the formula 
LijjjMpAyOg, wherein M is one or more transition metals, 
A is one or more dopants having an average oxidation 
state N such that +2.5 ^N^ +3.5, 0.90^1 .1 0 and p + 

Y = 1 . The Li^,MpAy02 compound used in the positive 
electrode has a substantially single phase, hexagonal 
layered crystal structure and is substantially free of lo- 
calized cubic spinel-like structural phases. 

[001 2] The present Invention further includes a meth- 
od of preparing compounds having a substantially single 
phase, hexagonal layered crystal structure that are sub- 
stantially free of localized cubic spinel-like structural 
phases. A lithium metal oxide having the fonnula 
Li^MpA^2> wherein M Is one or more transition metals, 
A is one or more dopants having an average oxidation 
state N such that +2.5 5 N ^ +3.5, 0.90Sa51 .10 and p + 

Y = 1 , is provided at a temperature of at least about 
600*'C, and preferably of greater than 800*»C. The lithi- 
um metal oxide is then cooled at a rate of greater than 
8**C/min, preferably between 8*'C/min and 140**C/min, 
more preferably between 10»C/mln and 100*»C/min.The 
lithium metal oxide can be synthesized at a temperature 
of at least about 600°C, and preferably of greater than 
800'*C, and then cooled at these rates, or the lithium 
metal oxide can be previously synthesized, heated to a 
temperature of at least about 600*^0, and preferably of 
greaterthan 8O0''C, and then cooled at these rates. The 
lithium metal oxide Is preferably uniformly cooled to pro- 
vide homogeneity throughout the material being pro- 
duced. 

[0013] In a preferred method embodiment of the In- 
vention, the LioiMpAy02 compound is LiCo02 and is pre- 
pared by the method of the invention using a lithium 
source compound and a cobalt source compound, in 
particular, the preferred lithium source compound is se- 
lected from the group consisting of Li2C03 and LiOH and 
the preferred cobalt source compound is selected from 
the group consisting of C03O4 and Co(OH)2. More pref- 
erably, the LiCo02 Is prepared from Li2C03 and C03O4. 
[0014] These and other features and advantages of 



the present Invention wiil become more readily apparent 
to those skilled in the art upon consideration of the fol- 
lowing detailed description and accompanying draw- 
ings, which describe both the prefen-ed and altemative 
s embodiments of the present Invention. 

Brief Description of the Drawings 

[0015] Fig. 1 is a graph comparing the cycle perform- 
10 ance between a comparative compound (sample 1 ) and 
a compound according to the invention (sample 2). 
[0016] Fig. 2 is a graph illustrating the electron para- 
magnetic resonance (EPR) spectrum of a weak pitch 
standard sample with a connection factor of 1 .14. 
f5 [0017] Rg. 3 is a graph Illustrating the EPR spectrum 
of a comparative compound (sample 1). 
[001 8] Fig. 4 is a graph illustrating the EPR spectrum 
of a compound according to the invention (sample 2), 
[0019] Fig. 5 is a graph illustrating themiogravimetrto 
20 analysis (TGA) curves for a comparative compound 
(sample 1) and a compound according to the Invention 
(sample 2). 

[0020] Fig. 6 is a powder x-ray diffraction pattern for 
a compound according to the invention (sample 2) using 
2s Cu Ka radiation. 

[0021 1 Fig. 7 is a graph comparing the cycle perfonn- 
ance of a comparative compound (sample 3) and a com- 
pound according to the Invention (sample 4). 

30 Detailed Description of the Preferred Embodiments of 
the Invention 



[0022] In the drawings and the following detailed de- 
scription, preferred embodiments are described In detail 

35 to enable practice of the invention. Although the inven- 
tion is described with reference to these specific pre- 
ferred embodiments, it will be understood thatthe Inven- 
tion Is not limited to these preferred embodiments. But 
to the contrary, the invention includes numerous alter- 

40 natives, modifications and equivalents as will become 
apparentfrom consideration of the following detailed de- 
scription and accompanying drawings. 
[0023] The present invention Is directed to substan- 
tially single-phase lithium metal oxide compounds hav- 

4s ing hexagonal layered crystal structures that are sub- 
stantially free of localized cubic spinel-like structural 
phases on the surface of the crystal or within the crystal. 
The lithium metal oxides of the Invention have the for- 
mula LiaMpA^2> wherein M is one or more transition 

so metals, A is one or more dopants having an average 
oxidation state N such that +2.5 ^ N ^ +3.5, 
0.90<a^1 .10. p>0,Y>0andp + Y=1. Preferably, the 
transition metal M is Ni, Co, Mn, or combinations there- 
of. 

55 [0024] The dopants A are elements other than M se- 
lected to produce an oxidation state N wherein +2.5 ^ 
N < +3.5, and preferably N is about 3. As would be read- 
ily understood by those skilled in the art, the average 
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oxidation state N is based on the molar amounts of the 
dopants used and the valences of the dopants used. For 
example, if the dopants are 40% Ti^ and 60% Mg2+, on 
a molar basis, the average oxidation state N would be 
(0.4)(+4) + (0.6)(+2) = +2.8. 

[0025] As defined above, the dopants A are used to 
replace the transition metal M and are not used to take 
the place of lithium ions in the lithium metal oxide, i.e., 
P = 1 - Y- Therefore, the reversible capacity is maximized 
In the Intercalation compounds of the invention. Exem- 
plary dopants for use in the invention include metals and 
non-metals such as Ti, Zr, IVIg, Ca, Sr. Ba, Al, Ga, Si, 
Ge, Sn and combinations thereof. For example, A can 
Include equal amounts of dopants T&*- and Mg2+. Typi- 
cally, in the compounds of the invention, yis greaterthan 
or equal to 0 and less than about 0.5. 
[0026] The substantially single-phase, hexagonal lay- 
ered structures of the compounds of the invention can 
be characterized, for example, by their powder x-ray dif- 
fraction patterns. Typically, as measured using powder 
x-ray diffraction, the l.\JJ{^Ay02 compounds according 
to the Invention preferably have no diffraction peaks at 
a smaller scattering angle than the diffraction peak cor- 
responding to Miller indices (003) thereby demonstrat- 
ing that the compounds of the invention are substantially 
single phase. In addition, the ratio of the integrated in- 
tensity of the diffraction peak corresponding to Miller In- 
dices (110) to the integrated intensity of the diffraction 
peak corresponding to Miller Indices (1 08) using powder 
x-ray diffraction is preferably greater than or equal to 
0.7, more preferably greater than or equal to 0.8. The 
ratio of the Integrated intensity of the diffraction peak 
corresponding to Miller indices (102) to the integrated 
Intensity of the diffraction peak corresponding to Miller 
indices (006) using powder x-ray diffraction is preferaibly 
greater than or equal to 1 .0, more preferably greater 
than or equal to 1 .2. The integrated intensities for these 
measurements Is based on the area measured below 
the respective peaks. Altematively, the heights of the 
peaks can be used to provide a rough comparison of the 
integrated intensities and because the widths of the 
peaks are relatively uniform, the ratios of peak heights 
are approximately equal to the ratios of the integrated 
Intensities for the two peaks being compared. 
[0027] In one preferred embodiment of the invention, 
the Li^jjMpA^Og compound is LiCo02. As measured us- 
ing electron paramagnetic resonance, the LiCo02 com- 
pounds of the invention typically have a change in in- 
tensity from the peak at about g = 12 to the valley at 
about g = 3 of greater than 1 standard weak pitch unit, 
and more typically of greaterthan 2 standard weak pitch 
units. In particular, Fig. 4, which is discussed in more 
detail in the examples, illustrates the change of intensity 
In this region of the EPR graph. 
[0028] Furthemnore, although LiCo02 is described as 
preferred, the present Invention applies to compounds 
of the fomiula Ll^j^MpAyOg other than LiCoOg. In partic- 
ular, as would be readily understood by those skilled in 



the art, the other lithium metal oxides of the above for- 
mula (e.g., wherein M is Ni or Mn) have a layered crystal 
structure similar to LiCo02. Therefore, the present in- 
vention applies to these LiM02 compounds in general 
s and suppressing the formation or transfonnation of the 
cubic spinel-like phases within the crystal or on the sur- 
face of the crystal, thereby enhancing the perfomriance 
of the material in a lithium or lithium-ion secondary bat- 
tery. 

10 [0029] The present Invention further includes a meth- 
od of preparing compounds having a substantially single 
phase, hexagonal layered crystal structure that are sub- 
stantially free of localized cubic spinel-like structural 
phases. In accordance with this method, a lithium metal 

15 oxide is provided having the fonnula Li^j^MpAyOg, where- 
in M is one or more transition metals, A is one or more 
dopants having an average oxidation state N such that 
+2.5 ^ N ^ +3.5, 0.96<a<1 .1 0 and p + y = 1 , at a tem- 
perature of at least about aoo^C, and preferably of 

20 greater than SOO^'C. The lithium metal oxide can be pro- 
vided at these temperatures by either synthesizing the 
material at these temperatures or by heating previously 
synthesized material. 

[0030] The lithium metal oxide compounds of the in- 

^5 vention can be prepared or synthesized by mixing to- 
gether stoichiometric amounts of source compounds 
containing lithium, M and A to give the desired molar 
ratio for the formula Li^jtMpA^Og described above. The 
source compounds (raw materials) can be the pure el- 

30 ements but are typically compounds containing the ele- 
ments such as oxides or salts thereof. For example, the 
source compounds are typically hydrated or anhydrous 
oxides, hydroxides, carbonates, nitrates, sulfates, chlo- 
rides or fluorides, but can be any other suitable source 

35 compound that will not cause elemental defects in the 
resulting lithium metal oxide compound. The elements 
for the lithium metal oxide compound can each be sup- 
plied from separate source compounds or at least two 
of the elements can be supplied from the same source 

^ compounds. In addition, the source compounds can be 
mixed in any desirable order. 
[0031] Although the lithium metal oxide compounds 
are preferably prepared by solid state reactions, it can 
be advantageous to react the raw materials using wet 

"^5 chemistry such as sol-gel type reactions or spray drying 
techniques, alone or in combination with solid state re- 
actions. For example, the source compounds compris- 
ing the M and A can be prepared as a solution In a sol- 
vent such as water and the M and A precipitated out of 

50 solution as an intimately mixed compound such as a hy- 
droxide. The mixed compound can then be blended with 
a lithium source compound. The reaction mixture can 
also be prepared by suspending source compounds in 
a solution of other source compounds and spray drying 

55 the resulting slurry to obtain an intimate mixture. Typi- 
cally, the selection of reaction methods will vary depend- 
ing on the raw materials used and the desired end prod- 
uct. 
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[0032] In a preferred method embodiment of the in- 
vention, wherein M is Co, the lithium metal oxide (e.g. 
UC0O2) is prepared using a lithium source compound 
and a cobalt source compound. In particular, the pre- 
fenred lithium source compound is selected from the 
group consisting of 112003 and LiOH and the preferred 
cobalt source compound is selected from the group con- 
sisting of C03O4 and Co(OH)2. More preferably, the 
LiOo02 is prepared from 1)2003 and OO3O4. 
[0033] The mixture once prepared can be reacted to 
fomn the lithium metal oxide. Preferably, the mixture is 
reacted by firing the mixture at a temperature between 
eoo^'O and 1 000*0 for sufficient time to produce the lith- 
ium metal oxide compound In a single phase. The mix- 
ture is generally fired for a total of between about 4 and 
about 48 hours in one or more firing steps. Any suitable 
apparatus can be used for firing the mixture, such as a 
rotaiy calclner, a stationary furnace or a tunnel furnace, 
that unifonnly heats the source compounds to produce 
the lithium metal oxide. 

[0034] Once the lithium metal oxide Is at its final prep- 
aration temperature or after previously synthesized lith- 
ium metal oxide has been reheated, the lithium metal 
oxide is cooled at a rate of greater than 8°0/mln, pref- 
erably between 8*»0/min and 140°C/mjn, more prefera- 
bly between 10*'O/min and 100°O/min. It has been dis- 
covered that cooling at a rate of greater than 1 40'*O/min 
results in a structure with high crystalline stress and 
strain that does not have the strength of lithium metal 
oxides cooled at a rate of between 8°0/min and 140°0/ 
min. Moreover, it has been discovered that cooling at a 
rate of less than S^C/min results in the fomriation of lo- 
calized cubic spinel-like structural phases on the sur- 
face of the crystal or within the crystal and thus de- 
creased electrochemical performance. With the lithium 
metal oxides of the invention, the lack of localized het- 
ero-structural phases, e.g., cubic spinel-like phases, 
within the crystal and on the crystal surface does not 
induce further phase transfonnation that impedes the 
diffusion of the LI+ ions during the charge and discharge 
cycles. Thus, the hexagonal layered compounds of the 
Invention have better and more consistent electrochem- 
ical performance than prior art compounds that are 
cooled at slower rates. 

[0035] The lithium metal oxide is preferably unifonnly 
cooled (quenched) in accordance with the invention. In 
particular, the lithium metal oxide material is preferably 
cooled at approximately the same rate. For example, the 
variation between the mean cooling rate and the cooling 
rate for any specific portion of the material should be 
less than about 10 percent. In a preferred embodiment 
of the Invention, uniform cooling can be accomplished 
using a rotary caldner, or a stationary furnace or tunnel 
furnace with smaller bed depths. The uniformly cooled 
material prepared according to the invention has greater 
homogeneity and less variance in its material properties 
than material that Is not uniformly cooled. 
[0036] The present Invention further includes lithium 



and lithium ion secondary batteries that include a posi- 
tive electrode comprising the lithium metal oxides of the 
invention. Typically, the lithium metal oxide compound 
of the invention is combined with a cari^onaceous ma- 
5 terial and a binder polymer to forni a cathode. The neg- 
ative electrode of the lithium battery can be lithium metal 
or alloys, or any material capable of reverslbty lithiating 
and dellthlating at an electrochemical potential relative 
to lithium metal between about 0.0 V and 0.7 V. Exam- 

10 pies of negative electrode materials Include carisona- 
ceous materials containing H, B, Si and Sn; tin oxides; 
tin-silicon oxides; and composite tin alloys. The negative 
electrode Is separated from the positive electrode ma- 
terial in the cell using an electronic insulating separator. 

IS The electrochemical cell further includes an electrolyte. 
The electrolyte can be non-aqueous liquid, gel or solid 
and preferably comprises a lithium salt, e.g., LiPFg. 
Electrochemical cells using the lithium metal oxide com- 
pounds of the invention as positive electrode material 

20 can be combined for use in portable electronics such as 
cellular phones, camcorders; and laptop computers, 
and in large power applications such as for electric ve- 
hicles and hybrid electric vehicles. 
[0037] The lithium metal oxide compounds of the in- 

25 vention allow lithium ions to readily diffuse during both 
the charge and discharge cycles of the battery. In par- 
ticular, In the discharge cycle for these lithium metal ox- 
ides wherein x Li per formula unit are electrochemlcally 
removed per fomnula unit, the lithium metal oxide takes 

30 the formula Uo^.jJM^/^O^, wherein 0^x<a. 

[0038] The lithium metal oxide compounds of the in- 
vention have been found to have good initial specific ca- 
pacities and good cycleability as is desired In the art. 
For example, the initial specific capacity of the LiOoOg 

35 of the invention is greater than 140 mAh/g, preferably 
greater than 150 mAh/g. In addition, the capacity loss 
over 1 00 cycles for the lithium metal oxides of the inven- 
tion is less than 25%, preferably less than 20%. with a 
constant current of C/3 (3 hours for complete charge or 

40 discharge) when cycled between 3.0 and 4.3 V versus 
lithium. 

[0039] The present invention will now be further dem- 
onstrated by the following non-limiting examples. 

45 EXAMPLE 1 

[0040] A commercial LiCo02 sample (sample 1) was 
heated to 950°O for 1 hour and then quench cooled by 
taking the sample directly from the hot zone and spread- 

50 ing the sample onto a stainless steel pan at room tem- 
perature. The cooling time was estimated at about 10 
minutes from 950*0 to room temperature. Sample 1 and 
the quenched sample (sample 2) were used as positive 
electrode materials for different electrochemical cells, 

55 each cell using a coin cell configuration with LI metal as 
the negative electrode. NRO 2325 coin cell hardware 
and Oelgard 3501 separators were used. The electro- 
lyte was 1M LiPFg in a 50:50 mixture of ethylene car- 
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bonate and dimethyl carton ate solvents. The positive 
electrode consisted of 85% active material (by weight), 
1 0% super carbon black and 5% polyvlnylldene flU: 
Gride (PVDF) as a binder polymer, coated on aluminum 
foil. The cycle tests were conducted between 3.0 and 
4.3 V using a constant current of C/3 (3 hours for com- 
plete charge or discharge) in both charge and dis- 
charge. 

[0041 1 Fig. 1 compares the cycle performance of sam- 
ple 1 and sample 2. As shown in Fig. 1 , sample 2 retains 
more capacity upon cycling than sample 1 and has 
much Improved cycle perfomiance over sample 1 . 
[0042] In addition, electron paramagnetic resonance 
(EPR) spectra of sample 1 and sample 2 were obtained 
using a Bruker Instruments EMX system. The sweep of 
the magnetic field was from 1 00 to 51 00 Gauss, and the 
microwave frequency was fixed at 9.85 GHz. A Bruker 
Instruments* weak pitch standard (0.0035% pitch in KCI) 
with a correction factor of 1.14 was used to calibrate the 
Intensity. Fig. 2 shows the EPR spectrum from this 
standard. The Intensity of the carbon feature from this 
standard, as shown In Fig. 2, is defined as 1 .1 4 standard 
weak pitch units. 

[0043] The LIC0O2 samples (sample 1 and sample 2) 
were directly packed into EPR tubes without dilution for 
the measurement. The resulting EPR spectra of sam- 
ples 1 and 2 are shown in Figs. 3 and 4, respectively. 
The sharp feature In both Figs. 3 and 4 at around g=2. 1 4 
Is due to nickel Impurities. The broad feature from about 
g = 14 to about g =2.5 in Fig. 4 is due to the high spin 
cobalt that Is characteristic of the LiCo02 prepared ac- 
cording to the invention. 

[0044] Thermogravlmetric analysis CTGA) of samples 
1 and 2 were also conducted. As shown In Fig. 5, neither 
sample 1 nor sample 2 has any signlffcant weight loss 
in the range of 650 to QOO'C. 
[0045] Sample 2 prepared according to the Invention 
wasfurthertested using powder x-ray diffraction with Cu 
Ka radiation to detemnine If this material had a substan- 
tially single-phase, hexagonal layered structure. As 
shown in Fig, 6, sample 2 has a ratio of the integrated 
intensity of the diffraction peak corresponding to Miller 
indices (1 1 0) to the Integrated intensity of the diffraction 
peak corresponding to ly/tiller indices (1 08) using powder 
x-ray diffraction greater than or equal to 0.7, a ratio of 
the Integrated intensity of the diffraction peak con-e- 
sponding to Miller indices (102) to the Integrated inten- 
sity of the diffraction peak corresponding to Miller Indi- 
ces (006) using powder x-ray diffraction greater than or 
equal to 1 .0, and no diffraction peaks using powder x- 
ray diffraction at a smaller scattering angle than the dif- 
fraction peak corresponding to Miller indices (003), as 
desired in accordance with the invention. 

EXAMPLE 2 

[0046] Stoichiometric amounts of Li2C03 and C03O4 
were mixed and then heated at a rate of 3.75°C/min from 



room temperature to 950°C, held at 950'»C for 6 hours, 
and then cooled to room temperature at a rate of about 
3.7°C/mln (total cooling time slightly longer than 4 
. hours). The resulting compound Is sample 3. 

5 [0047] Stofchlometric amounts of LigCOa and C03O4 
were mixed and then heated at a rule of 3.75°C/min from 
room temperature to 950^C, held at 950*C for 5 hours, 
and then cooled to loom temperature at a rate of about 
S'^C/min (total cooling time just under 2 hours). The re- 

10 sutling compound Is sample 4. 

[0048] Samples 3 and 4 were cycle tested according 
to the method described in Example 1 . Fig. 7 compares 
the cycle perfomiance of sample 3 and sample 4. As 
shown in Fig. 7, sample 4 prepared according to the In- 

is vention has better cycling perfomiance than sample 3. 

Claims 

20 1 . A compound having the formula LI^MpA^Og, where- 
in M Is one or more transition metals, A is one or 
more dopants having an average oxidation state N 
such that +2.5 ^ N < +3.5. 0.90<a5l .10 and p + y = 
1, said compound having a substantially single 

2s phase, hexagonal layered crystal structure and be- 
ing substantially free of localized cubic spinel-like 
structural phases. 

2. A compound having the fomiula l.i^.JSA^Ay02, 
30 wherein 0<x^a, said compound derived by electro- 

chemlcally removing x LI per fonnula unit from a 
compound having the formula Li^M^AyOz, wherein 
M is one or more transition metals, A is one or more 
dopants having an average oxidation state N such 
35 that +2.5 < N ^ +3.5, 0.90<a<1 .1 0 and p + y = 1 , 
said compound having a substantially single phase, 
hexagonal layered crystal structure and being sub- 
stantially free of localized cubfc spinel-like structural 
phases. 

40 

3. The compound according to Claim 1 or 2, wherein, 
in the powder x-ray diffraction pattem, there are no 
diffraction peaks at a smaller scattering angle than 
the diffraction peak corresponding to Miller indices 
(003). 

4. The compound according to any of the preceding 
claims, wherein the ratio of the Integrated intensity 
of the diffraction peak corresponding to Miller Indi- 
go ces (1 1 0) to the integrated intensity of the diffraction 

peak corresponding to Miller indices (108) using 
powder x-ray diffraction is greater than or equal to 
0.7. 

55 5. The compound according to any of the preceding 
claims, wherein the ratio of the integrated intensity 
of the diffraction peak corresponding to Miller indi- 
ces (1 1 0) to the integrated intensity of the diffraction 
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peak corresponding to Miller indices (108) using 
powder x-ray diffraction is greater than or equal to 
0.8. 

6. The compound according to any of the preceding 
claims, wherein the ratio of the integrated intensity 
of the diffraction peak corresponding to Miller indi- 
ces (1 02) to the integrated intensity of the diffraction 
peak corresponding to Miller indices (006) using 
powder x-ray diffraction Is greater than or equal to 
1.0. 

7. The compound according to any of the preceding 
claims, wherein the ratio of the integrated intensity 
of the diffraction peak corresponding to Miller indi- 
ces (1 02) to the integrated intensity of the diffraction 
peak corresponding to Miller Indices (006) using 
powder x-ray diffraction is greater than or equal to 
1.2. 

8. The compound according to any of the preceding 
claims having the fonnula LiCoOg. 

9. The compound according to Claim 8, wherein the 
intensity change from the peak at about g = 12 to 
the valley at about g = 3 using electron paramag- 
netic resonance is greater than 1 standard weak 
pitch unit. 

10. The compound according to Claim 8, wherein the 
intensity change from the peak at about g = 12 to 
the valley at about g = 3 using electron paramag* 
nette resonance is greater than 2 standard weak 
pitch units. 

11. The compound according to any of the preceding 
claims, wherein the average oxidation state N of the 
dopants Is about +3. 

12. A lithium or lithium ion secondary battery including 
a positive electrode comprising the compound of 
any of the preceding claims. 

13. A method of preparing a compound having a sub- 
stantially single phase, hexagonal layered crystal 
structure and being substantially free of localized 
cubic spinel-like structural phases, the method 
comprising the steps of providing a lithium metal ox- 
ide having the formula Ll^jMpA^g. wherein M Is one 
or more transition metals, A is one or more dopants 
having an average oxidation state N such that +2.5 
^ N ^ +3.5, 0.90<a<1 . 1 0 and p + y = 1 , at a temper- 
ature of at least about 600**G; and cooling the com- 
pound at a rate of greater than 8°C/min. 

14. The method according to Claim 13, wherein said 
cooling step comprises cooling the compound at a 
rate of greater than 1 0**C/min. 



15. The method according to Claim 13, wherein said 
cooling step comprises cooling the compound at a 
rate of between 8°C/hiln and 140«C/mln. 

s 16. The method according to Claim 13, wherein said 
cooling step comprises cooling the compound at a 
rate of between lO^'C/min and QO'^C/min. 

17. The method according to any of Claims 13-16, 
10 wherein said providing step comprises provided in 

the Li^^MpAyOg compound at a temperature of at 
least about BOO^C. 

18. The method according to any of Claims 13-17, 
*5 wherein said cooling step comprises unlfonmly cool- 
ing the Li^jMpAyOg compound. 

19. The method according to any of Claims 13-18, 
wherein said providing step comprises synthesizing 

^ the LioMpAyOg compound at a temperature of at 
least about 600**C. 

20. The method according to any of Claims 13-18, 
wherein said providing step comprising heating a 

w previously-synthesized Li^jMpAyOg compound to a 
temperature of at least about 600°C. 



PatentansprQche 

1. Verbindung mit der Fornnel LI„MpA^2» worin M ein 
Oder mehrere Obergangsmetalle darstellt, A eIn 
Oder mehrere Dotiennittel mit einem mittleren Oxi- 
dationszustand N darstellt derart, dass +2.5 < N s 
+3,5, 0,90 < a ^ 1 ,1 0 und p + Y = 1 . wobei die Ver- 
bindung eine im wesentlichen einphasige, hexago- 
nale, geschlchtete Kristallstruktur aufwelst und Im 
wesentlichen frei von lokalen kublschen, Spinell-ar- 
tigen Strukturphasen ist. 

2. Vert3indung mit der Fornnel U^.J^^^p2. worin 0 < 
X 5 a, wobei die Verislndung dutch eleklrochemi- 
sches Entfemen von x Li pro Fonneleinhelt von ei- 
ner Verbindung mit der Formel L\JA^A^2 abgelei- 
tet Ist, wobei M eIn oder mehrere Obergangsmetalle 
darstellt, A ein oder mehrere Dotiennittel mit einem 
mittleren Oxidatlonszustand N darstellt derart, dass 
+2,5 ^ N ^ +3,6, 0,90 Sa^1.10undp+Y=1, wobei 
die Verbindung eIne im wesentlichen einphasige, 
hexagon ale, geschlchtete Kristallstruktur aufweist 
und im wesentlichen frei von lokalen kublschen, 
Spinell-artlgen Strukturphasen ist. 

3. Verbindung nach Anspaich 1 oder 2, worin im Pul- 
ver-Rontgenbeugungsspektrum keine Beugungs- 
peaks bei einem kleineren Streuwinkel als dem 
Beugungspeak, der den Millerschen Indices (003) 
entspricht, voriiegen. 
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4. Verbindung nach irgendeinem der vorhergehenden 
Anspruche, worin das Verhaltnis der integrierten In- 
tensftat des den Millerschen Indices (110) entspre- 
chenden Beugungspeaks zur integrierten Intensitat 
des den Millerschen Indices (1 08) entsprechenden s 
Beugungspeaks bei Anwendung einer Pulver-Ront- 
genbeugung groBer als oder gleich 0,7 ist. 

5. Verbindung nach irgendeinem der vorhergehenden 
AnsprQche, worin das Verhditnis der integrierten In- io 
tensitat des den Millerschen Indices (110) entspre- 
chenden Beugungspeaks zur Integrierten Intensitat 
des den Millerschen Indices (108) entsprechenden 
Beugungspeaks bei Anwendung einer Pulver-Ront- 
genbeugung groBer als oder gleich 0,8 ist. is 



6. Verbindung nach irgendeinem der vorhergehenden 
Anspruche, worin das Verhaltnis der integrierten In- 
tensitat des den Millerschen Indices (102) entspre- 
chenden Beugungspeaks zur integrierten Intensltdt 
des den Millerschen Indices (006) entsprechenden 
Beugungspeaks bei Anwendung einer Pulver-Ront- 
genbeugung groBer als oder gleich 1 ,0 ist. 

7. Verbindung nach irgendeinem der vorhergehenden 
Anspruche, worin das Verhaltnis der integrierten In- 
tensitat des den Millerschen Indices (102) entspre- 
chenden Beugungspeaks zur integrierten Intensitat 
des den Millerschen Indices (006) entsprechenden 
Beugungspeaks bei Anwendung einer Pulver-Ront- 
genbeugung groBer als oder gleich 1 ,2 ist. 

8. Verbindung nach irgendeinem der vorhergehenden 
Anspruche mit der Fonnel LiCoOg. 

9. Verbindung nach Anspruch 8, worin die Intensitats- 
anderung vom Peak bei etwa g = 12 zum Tal bei 
etwa g = 3 bei Anwendung elektronenparamagne- 
tlscher Resonanz groBer als 1 Standard-''Weak- 
Pitch"-Einhelt ist. 

10. Vertsindung nach Anspruch 8, worin die Intensltfits- 
anderung vom Peak bei etwa g = 12 zum Tal bei 
etwa g = 3 bei Anwendung elektronenparamagne- 
tischer Resonanz groBer als 2 Standard-"Weak- 
Pitch"-Einheiten ist. 

1 1 . VertDindung nach Irgendeinem der vorhergehenden 
Ansprijche, worin dermittlere Oxidationszustand N 
der Dotiennlttel etwa 4-3 betragt. 

12. Lithium- oder Lithium-lon-Akkumulator 
einschiieBlich einer positiven Elektrode umfassend 
die Verbindung nach irgendeinem der vorhergehen- 
den Anspruche. 

13. Verfahren zur Herstellung einer Verbindung mit ei- 
ner im wesentlichen einphastgen, hexagonalen, ge- 



schichteten Kristallstruktur, die im wesentlichen frei 
von lokalen kubischen, Spinell-artigen Strukturpha- 
sen ist, wobei das Verfahren die Schritte des Bereit- 
stellens eines Lithiummetalloxids mit der Fonnel 
LiQMpAy02, worin M ein oder mehrere Ubergangs- 
metalle darstellt und A ein oder mehrere Dotiemriit- 
tel mit einem mittleren Oxidationszustand N dar- 
stellt derart, dass +2,5 ^ N ^ +3,5, 0,90 1 a S 1 ,10 
und P+y= 1, bei einer Temperatur von mindestens 
etwa 600°C und des Abkuhlens der VeriDindung mit 
einer Geschwindlgkeit von mehr als 8*C/riiin um- 
fasst. 

14. Verfahren nach Anspruch 13, worin der Kuhlschritt 
das Abkuhlen der Verbindung mit einer Geschwin- 
digkeit von mehr als ICC/min umfasst. • 

15. Verfahren nach Anspruch 13, worin der KQhIschritt 
das Abkuhlen der Verbindung mit einer Geschwln- 
digkeltzwischen 8*'C/min und 140*»C/mln umfasst. 

16. Verfahren nach Anspruch 13, worin der Kuhlschritt 
das Abkuhlen der Verbindung mit einer Geschwin- 
dlgkeit zwischen 10*C/mln und 90*'C/min umfasst. 

17. Verfahren nach irgendeinem der Anspruche 13 bis 

16, worin der Bereitstellungsschritt die Bereitstel- 
lung der Verbindung Li^MpAyOg bei einer Tempera- 
tur von mindestens etwa 800°C umfasst. 

18. Verfahren nach irgendeinem der AnsprQche 13 bis 

1 7, worin der Kuhlschritt ein glefchmaBiges Abkuh- 
len der Veriaindung LI^M^A^g umfasst. 

35 19. Verfahren nach Irgendeinem der Anspruche 13 bis 

18, worin der Bereitstellungsschritt das Synthetisie- 
ren der Verbindung LI^^MpAyOg bei einer Temperatur 
von mindestens etwa GOO'^C umfasst. 

^ 20. Verfahren nach irgendeinem der Anspruche 13 bis 
18, worin der Bereitstellungsschritt das Enwannen 
einer vorher hergestellten Veriaindung Lij^M^AyOg 
auf eine Temperatur von mindestens etwa 600*C 
umfasst. 



Revendlcatlons 

1 . Compost ayant la fomiule Li(3^MjjAy02, dans laquel- 
le M est un ou plusieurs mdtaux de transition, A est 
un ou plusieurs dopants ayant un degr6 moyen 
d'oxydation N tel que + 2,5 ^ N :S + 3,5, 0,90 ^ a S 
1 ,1 0 et p + y = 1 , ledit composd ayant une structure 
cristalline stratifide hexagonale, sensiblement mo- 
nophasique, et 6tant sensiblement exempt de pha- 
ses structurales de type spinel cubiques iocalls^es. 

2. Compost ayant la fomiule Li^^.^MpAyOg, dans ia- 
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quelle 0 ^ x ^ a, ledit composd etant obtenu par Eli- 
mination Electrochimique de x Li par unitE de for- 
mula k partir d'un compos6 ayant la fonnule 
LI^M^A^02, dans laquelle M est un ou plusleurs mE- 
taux de transition, A est un ou plusieurs dopants 
ayant un degrE moyen d'oxydation N tei que + 2,5 
^N<+3,5,0,90<a<1,10etp+Y=1, ledit compos6 
ayant una structure cristalline stratifi6a hexagonale, 
sensiblement monophasique, et etant sensibte- 
ment exempt de phases structurales de type spinel 
cubiques locallsEes. 

3. Compos6 selon la revendication 1 ou 2, dans le- 
quel, dans le diagramme de diffraction des rayons 
X par la methode des poudres, 11 nV a pas de pics 
de diffraction k un angle de diffusion plus petit que 
le pic de diffraction correspondant aux Indices de 
Miller (003). 

4. Compos6 selon I'une quelconque des revendica- 
tions pr6c6dentes, dans lequel le rapport de I'inten- 
sit6 int6gr6e du pic de diffraction con^espondant aux 
Indices de Miller (110) sur l'intensit§ int^gr^e du pic 
de diffraction con^espondant aux indices de Miller 
(108) par utilisation d'une diffraction des rayons X 
par la m6thode des poudres est > k 0,7. 

5. Compost selon I'une quelconque des revendica- 
tlons pr^6dentes, dans lequel le rapport de I'inten- 
sit6 int6gr6e du pic de diffraction con^espondant aux 
Indices de Miller (1 1 0) sur I'intensit6 int6gr6e du pic 
de diffraction correspondant aux indices de Miller 
(108) par utilisation d'une diffraction des rayons X 
par la m6thode des poudres est ^ k 0,8. 

6. Compost selon I'une quelconque des revendica- 
tions pr6c6dentes, dans lequel le rapport de Tinten- 
sit6 int6gr6e du pic de diffraction correspondant aux 
indices de Miller (1 02) sur TintensitE int6gr6e du pic 
de diffraction con^espondant aux indices de Miller 
(006) par utilisation d'une diffraction des rayons X 
par la methode des poudres est ^ d 1 ,0. 

7. Compost selon I'une quelconque des revendica- 
tions pr^Edentes, dans lequel le rapport de I'inten* 
s\i6 int6gr6e du pic de diffraction conrespondant aux 
Indices de Miller (1 02) sur I'intensite int6gr6e du pic 
de diffraction correspondant aux indices de Miller 
(006) par utilisation d'une diffraction des rayons X 
par la methode des poudres est ^ ^ 1 ,2. 

8. Compost selon I'une quelconque des revendica- 
tions prEcEdentes, ayant la formule LiCo02. 

9. Compost selon la revendication 8. dans lequel la 
variation d'intensitd, du pic k environ g = 1 2 d la vai- 
I6e k environ g = 3, par utilisation d'une resonance 
paramagn6tique d'Electron. est sup6rleure k une 



unitE de pas faible standard. 

10. Compose selon la revendication 8, dans lequel la 
variation d'intensltE, du pic k environ g=^2k la val- 

5 \6e k environ g = 3, par utilisation d'une resonance 
paramagn^tique d'Electron, est supdrieure k deux 
unites de pas faible standard. 

11. Compost selon I'une quelconque des revendica- 
10 tions pr6c6dentes, dans lequel le degr6 moyen 

d'oxydation N des dopants est d'envlron + 3. 

12. Batterie secondaire au lithium ou k Ion lithium, in- 
cluant une Electrode positive comprenant le com- 

IS posE de I'une quelconque des revendicatlons prd- 
cEdentes. 

13. Proc6d6 de preparation d'un composE ayant une 
structure cristalline stratifiEe hexagonale, sensible- 

20 ment monophasique, et 6tant sensiblement exempt 
de phases structurales de type spinel cubiques lo- 
calisEes, le procEdE comprenant les Etapes de mise 
k disposition d'un oxyde du m§tal lithium ayant la 
fomiule LijjjMpAyOg, dans laquelle M est un ou plu- 

25 sieurs m6taux de transition, A est un ou plusieurs 
dopants ayant un degre moyen d'oxydation N tel 
que + 2,5£N< + 3,5, 0,90 5 a 5 1,10 et p + y= 1, 
k une temperature d'au moins environ SOO'^C ; et le 
refroidissement du compose k une Vitesse supE- 

30 rieure k 8'*C/mn. 

14. Proc6d6 selon la revendication 13, dans lequel la- 
dite Etape de refroidissement comprend le refroidis- 
sement du compose k une vitesse supErieure k 

35 10«»C/mn. 

15. Proc6d6 selon la revendication 13, dans lequel la- 
dite Etape de refroidissement comprend le refroidis- 
sement du compose k une vitesse comprise entre 

40 8»C/mn et 140"C/mn. 

16. Procede selon la revendication 13, dans lequel la- 
dite etape de refroidissement comprend le refroidis- 
sement du compose k une vitesse comprise entre 

45 10'»C/mnet90^C/mn. 

17. Precede selon I'une quelconque des revendications 
13^16, dans lequel ladite etape de mise k dispo- 
sition comprend la mise a disposition du compose 

50 LijjMpAy02 k une temperature d'au moins environ 
800«C. 

18. Compose selon I'une quelconque des revendica- 
tions 13^17, dans lequel ladite etape de refroidis- 

55 sement comprend le refroidissement uniforme du 
compose Li^jjMpAyOg. 

19. Precede selon I'une quelconque des revendications 
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13^18, dans lequel ladite etape de mise k dispo- 
sition comprend la synthese du compost 
UJA^fi^2 ^ tenrtpdrature d'au molns environ 
600'C. 

5 

20. Proc6d6se[onl'unequelconque^desrevendications 
13^18, dans lequet ladite 6tape de mise k dispo- 
sition comprend le chauffage k une temperature 
d'au moins environ SOO'C d'un compost Li<3tlVlpAy02 
pr^alablement synth6tis6. io 
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